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I. INTRODUCTION
The acyclic, or uni-polar dynamo, as it is sometimes
called, has long "been recognized as an ideal direct current
machine, since it generates direct current without commutation
"by the motion of conductors in a constant magnetic field.
The electromotive force in each conductor is then constant and
numerically equal to the numher of lines of magnetic flux cut
per second, divided by 100,000,000. Connections are made
through collector rings and brushes and thus any voltage from
that of a single conductor to that of all conductors in series
may be developed.
This construction affords a very desirable system
of voltage control or conversion which should work out most
successfully. The possibilities of the type thus seemed
unusually good, but practical considerations had still to be
taken into account, and it was this phase of the problem which
apparently brought failure to all earlier forms of acyclic
machines
.
The principal difficulties encountered were those
of design and also of large current collection at high speeds.
These dynamos were usually designed for low voltage, using
the rotating disc-shaped member as a conductor, and thus ob-
taining an E. M. F. corresponding in later machines to the
voltage per bar or conductor. A sketch of this type of gen-
erator is shown in Figure 1, page 2.

~2~
FiQ. 1.

- 3 -
!
Tany arrangements have "been devised to obtain the
desired relation "between the moving conductors and the field
flux, hut all types may he included in two general classes,
according to the arrangement of the rotating element as
1
.
- The radial type
.
2
.
- The axial type
.
It will he noted that this classification is not
strict in the sense that there are only two types, hut rather
to classify the main characteristic arrangement of the rotat-
ing element. There are in fact, many classes and almost an
infinite numher of detail arrangements, hut all must necessar-
ily he in accordance with the fundamental theory of acyclic
machines and will thus he classed in one of the main divisions
indicated according to the type of rotating element used. A
few examples of various types of acyclic machines are shown on
pages 4 and 5.
The characteristic peculiarity of acyclic machines
is the annular magnetic field of constant intensity and it
is also this feature which has given rise to various incorrect
terms such as homo-polar and uni-polar, which indicate that
the machine has hut one pole - a magnetic impossibility. All
electromagnetic machines have at least two poles, and the
acyclic type is no exception to the rule, although the poles
may not he as readily apparent as in the usual type of dynamo.
By reference to the sectional drawings, it will he seen that
there are two annular pole pieces, arranged either axially
or radially, and that the conductors are arranged to cut the
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uniform field, thus producing a constant voltage with con-
stand speed of rotating element.
In designing an acyclic generator, the question of
arrangement and type to "be employed will usually he deter-
mined hy the operating conditions of the machine as well as
hy the type of prime mover or other driving device to he
used. In the present instance, the prime mover is a steam
turbine operating at very high rotative speed and thus re-
stricting the permissihle diameter of acyclic rotor to a
safe value of peripheral speed. This speed condition alone
would thus "bar the radial type of acyclic generator and
necessitate the use of the small- diameter axial type. Fig-
ure 4.
Other conditions of voltage, output and operating
conditions also govern the design and will he considered
later, hut the example noted ahove indicates that the type
cannot he chosen at random hut is often predetermined hy
operating conditions.
II GENERAL M3TH0D OP ACYCLIC
GENERATOR DESIGN
The acyclic or TTuni-polar' T machine, as pointed out
in the introduction is, in reality, a two pole acyclic dyanmo
of special construction and so arranged that the conductors
pass through or ?r cut'T a constant magnetic field maintained
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"between a stationary annular pole piece and. another of oppos-
ite polarity which rotates within the first and carries the
conductors near its periphery. As the voltage per conductor
is comparatively low, the machines are usually arranged with
all conductors in series, this connection "being obtained by
using collector rings and "brushes at each end of the rotor.
A diagram of this construction is shown in Figure 4, page 5.
The general theory of operation of the dynamo is
very simple, as it depends upon the fundamental principle of
electricity that a conductor which cuts a hundred million
lines of flux per second has induced in it an electromotive
force of one volt. In short, the design is based upon the
fact that each conductor cutting a hundred megalines of flux
per second will furnish one volt of EL 11. P,
It is thus apparent that with any given conditions
of speed, voltage and number of conductors on the rotor, the
machine is practically determined as to size of parts to carry
the necessary flux, although we have no idea of its output,
which is usually one of the first things desired. This pe-
culiar method of design in which we assume the various operat-
ing conditions and determine the output indirectly by calcul-
ation, seems peculiar to the design of acyclic machines and
is quite contrary to general methods of machine design, which
almost invariably originate with the output or duty of the
machine and terminate with the size of parts and operating
characteristics
.
The peculiarity of acyclic design is thus in the un-
certainty of the capacity or output of the machine until suit-
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able calculations are made. Another peculiarity, especially
from the manufacturer's standpoint, is that all machines for
any given conditions of voltage and srjeed will of necessity
have the same maximum output and there would thus he only one
class and rating of machine for any given operating conditions,
as indicated, making the manufacturing problem more simplified
than with the common forms of direct current machines.
The calculations which lead to an approximate deter-
mination of the output may "be outlined in a general method
with corresponding equations as follows:
Starting with
8
1 volt = 10 lines cut per second,
v/e have given the desired terminal voltage of the machine, and
assuming that each conductor generates approximately 50 volts,
we immediately have the number of conductors.
In order to have this conductor generate 50 volts,
it must cut 50 x 108 lines of flux per second.
Since the bar cuts all of the flux at each revolution
and since the speed is known, we may calculate the flux or
total number of magnetic lines of force necessary in the field
Thus with IT' revolutions per second, and since
# x II
108
where
e = voltage per conductor
and ^ = total flux-lines,
, _ e x 10
we have <P =
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Substituting
^ =
_50_x_ig8
I*
7/ith the value of flux determined, the next step
is to assume a flux density, which with steel may "be from
80,000 to 100,000 lines per square inch, and determine the
least diameter of a round section to carry one-half of the
total flux. This determines the shaft diameter.
The diameter of the rotor proper will "be somewhat
larger to allow suitable space for end connections to conduc-
tors and rings, "but the diameter must he such that the per-
ipheral speed at the "brushes shall not exceed 18,000 to 19,000
feet per minute
.
Having found the rotor diameter, the length of rotor
and stationary pole piece may "be determined "by finding the air
gap area to carry the flux •. The gap density will he govern
ed to some extent by the available space for field winding
since the controlling reluctance for the magnetic circuit lies
in the air gap, an average value may be said to be 60,000
lines per square inch with an air gap of say 3/8 inch.
The length of the air gap is the codtrolling feature
of the field winding and theoretically the gap should be as
small as possible. However, practical reasons such as the
impossibility of absolute accuracy and balance at high speed
of rotating members and the extremely heavy strains brought to
bear with a small gap when the rotor is slightly eccentric,
make it necessary to use a comparatively large gap.
\7ith the air gap finally settled, the machine maybe
laidout on the drawing board since the principal dimensions
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have "been determined with the possible exception of finding
the shaft length. This may he approximated hy allowing for
a collector ring at each end of each conductor. From the
completed sketch, the approximate lengths of the various
paths of flux may he measured and the corresponding ampere
turns of magnetomotive force taken from a steel magnetization
curve at the assumed flux densities. The total M. If. F.
may then he determined and the field coils calculated on this
"basis
.
The output is still undetermined, hut may he calcul-
ated after ohtaining the diameter of the rotor, "by assuming
a value of ampere conductors per inch of rotor periphery which
is an experience constant and has a value approximately 300
to 400. The total ampere conductors for the rotor may thus
he determined, and "by dividing "by the number of conductors
v/e have the current output of the machine . Knowing the ter-
minal voltage, the output is determined and the value ohtained
is approximately the maximum operating value of output for
this machine
.
The size of parts cannot he reduced for a smaller
output, since the flux and voltage would thus also he reduced
and the machine would not operate properly. The only change
could he a reduction in size of the conductors, hut this
would he undesirahle from the "buyer's standpoint, since at a
slight additional expense ahove the underrated machine, he
could secure the normal maximum output and with no increase
in weight of steel.
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The general method of generator design as indicated
above gives the theoretical output neglecting all losses
of friction heating, etc., "but as the generator efficiency
is usually quite high - about 96 percent in the larger
machines - the output as calculated is approximately correct.
The calculations indicated may be simplified by the
use of curves as will be shown later in the design of a 12C0
volt machine operating at 750 R. P. M. The output will be
approximately 5000 Kff.
Ill GETTERAl METHOD OF STEAK
TURBIITE DESIGN
The general method of steam turbine design furnishes
a striking example in contrast with that of the acyclic gen-
erator in the method of attack, since the turbine design
follows more nearly the usual methods of design in which we
know the output and operating conditions and from them deter-
mine the size of parts and ojjerating characteristics. Tfe
are, in fact, dealing with energy in the form of heat, rather
than mechanical or electrical energy, and the function of the
turbine will be to transform the maximum amount of this heat
energy into mechanical energy of rotation. In this form it
will be transmitted to the generator and there changed into
electrical energy.
Before taking up the turbine design, it will be of
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interest to consider the various changes or transformations
of energy taking place in this turbo-generator unit with the
maximum efficiency which we may expect in each case. This
will provide a standard, or a theoretical maximum toward which
the design will he directed and "by which operating character-
istics of the completed machine may he Judged.
Starting with the heat energy delivered to the tur-
bine in the form of steam at a given pressure range and super-
heat, we may determine the heat units entering the turbine
per pound of steam supplied as,
\ = q + r + Cp (T2 - Tg ) B.t.u.
at initial conditions of steam, measured above 32 degrees 31 .
where
q heat of the liquid (above 32° F.) at a temper-
ature corresponding to the initial pressure p1 .
r = latent heat of evaporation.
Cp= specific heat at constant pressure of superheated
steam
.
T^,= temperature of steam entering turbine.
Ts = temperature of saturated steam at same pressure
pl-
This value of initial heat can be more accurately
and more easily obtained from a reliable steam table than from
the equation, since the value of Cp varies slightly with tem-
perature or degree of superheat.
This initial value of heat is not an absolute heat
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measurement, since it is measured above 32° P. and not from
the absolute zero of temperature. Calculations in practice,
however, are usually "based upon the standard steam tables, and
the only quantity affected is the absolute thermal efficiency
which is seldom used in practical work. Of the initial value
of heat supplied in a well designed turbine station, the boilei
room delivers about 80 percent of the fuel heat value to the
turbines distributed among the various losses and units as
follows
:
High pressure steam pipes 1.6 percent
Rotation losses .9 TT
Electrical output 15.6 "
Cooling water in condensers 61.4 "
Eeating feedwater
.J5
"
80.0
On the basis of heat supplied to the turbine, omitt-
ing piping losses, we have the following percentages:
Rotation losses .9 percent of total.
turbine
1.2 percent of heat to
Electrical output!5.6 percent of total.
19.9 percent of " Tr "
Cooling water 61.4 percent of total.
78.3 percent of ,f n TT
Heating feedwater .5 percent of total.
.6 percent of " " "
78.4 percent of total.
100.00 percent ot turbine
heat
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These values ere "based upon present plants using
10,000 Km units and alternators. The efficiency of an acy-
clic generator will he practically the same as that of an
alternator, and we may thus expect these same values to rep-
resent approximately the conditions in the present design.
The apparently low efficiency of the adiahatic
process is a fundamental thermodynamic condition which separ-
ates energy in the form of heat from energy in a mechanical
or electrical form, thus making a distinction "between "low
grade" heat energy and "high grade" mechanical or electrical
energy. It is a significant fact that mechanical and elec-
trical energy are convertahle practically without loss, each
to the other form and both to the lower grade heat energy
without any loss whatever. However, when we attempt to
reverse the process, we find that the efficiency of transfor-
mation is very low, as indicated "by the Carnot cycle which
defines the theoretical limit of transformation in the case
of a perfect gas as,
«1
T = temperature of supply or heat source
.
Tg = temperature of exhaust or refrigerator.
In the case of steam turbines operating on the Rank
ine cycle, the form of the efficiency equation is.
Ql - Qpy\ = as a theoretical limit.
%
or

where
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Qt - QP7= K as a practical value,
Q1 = initial heat per pound of steara supplied.
Q2 = final heat per pound of steam exhausted.
K = experience constant to cover friction, churn
ing and all rotation or radiation losses
occurring in the turbine
.
A practical example will probably illustrate this
efficiency more clearly. Assuming operating conditions as
found in modem power plants, we have.
Initial pressure = 22C pounds per square inch abso
ute for 205 pounds gauge).
Superheat = 200° F.
Vacuum = .75 pound per square inch for
28.5 inches of vacuum)
From a Uollier or heat-entropy diagram, we have
Initial heat = = 1310 B.t.u. per pound of
steam
.
»
Final heat at
same entropy
and .75 pounds
pressure = Qg = 910 B.t.u. per pound of
steam
Q-L
- Q2 400 B. t. u.
Qj efficiency.
*7
=
1310
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The maximum value without losses is thus 30.5 per-
cent .
Assuming a value of K = .65 to cover losses as in-
dicated, above, we have,
Tp' = .65 x 30.5 = 19.8 percent, which agrees
very closely with the value taken from practical experience.
The remaining energy changes are those from the
mechanical energy of the turbine to the electrical output of
the generator, hut as indicated in the previous discussion,
these changes are accompanied "by very slight losses as com-
pared with those incident to the heat energy change, and will
probably not exceed five or six percent.
Having thus "briefly considered the various energy
changes taking place in the unit under consideration, the re-
maining steps in the general method of design will "be "briefly
indicated
.
Having found the initial heat and entropy and having
assumed the operating vacuum, the final value of the heat con-
tents will he determined at constant entropy as indicated in
the example, from the table or chart, or may he calculated.
This latter process is too tedious for practical purposes and
may not he as accurate as the steam tables.
The difference between the initial and final values
of heat, corrected for friction and other losses, gives a
value of the available energy, and from this value, we may ob-
tain the steam consumption of the turbine :-
Available heat energy = Eg = E fQ^ - Qg)»B.t.u. per pound

and since 1 Horse Power hour = 2,545 B.t.u. or
1 Kilowatt hour = 3,400 B.t.u.,
we may obtain the water rate in pounds per K.TT. hour for
H.P.H.) by dividing this constant "by the available energy
per pound of steain.
The turbine in the present case will he of the Cur-
tis few-stage impulse type and the "blade arrangement will he
based upon the manufacturers' experience with the various
combinations of pressure and velocity stages. After assum-
ing the number of pressure stages and velocity stages per
pressure stage the method of determining steam velocities,
blade angles and nozzles may be outlined as follows;.
The available heat drop is divided approximately in
equal parts corresponding to the number of pressure stages
so that the work per pressure stage may be practically con-
stant. The steam velocity from the nozzles with this value
of heat drop may be determined from the assumption that the
change is adiabatic and that all of the heat drop appears as
kinetic energy assuming initial steam velocity as zero
.
1 2
778 = 1/2 x mass x velocity
, 2
770 H, = 1/2 ---
where H^^ = heat drop or available energy first stage
.
w = velocity - feet per second,
g = acceleration of gravity,
= 32.2 feet per second per second
.
w = 64.4 H1 * 778
9
= 223.7 Hi
This equation gives the value of steam velocity at its exit
from the nozzles if they "be properly designed to avoid in-
ternal oscillations usually caused "by improper nozzle length
or divergence. The nozzle design is "best shown "by an example
and will thus he omitted in this section and included in the
actual design later.
Having determined the initial velocity in the first
pressure stage, a suitable "blade or wheel speed is chosen on
the "basis of an assumed number of velocity stages for this
pressure stage. The peripheral velocity will also he limited
"by mechanical considerations, and several assumptions may he
necessary before a satisfactory arrangement is obtained.
The number of velocity stages in the example used previously,
fPage ) might be found as an example of this method.
.65 (Hi - E2 ) = available heat drop - 260 B.t.u. ^oer
lb.
Assuming five pressure stages, the heat drop per
stage will be 52 B.t.u. lb. The initial velocity will then be
^ = 223.7 52
= 1610 feet per second, or say 1500 feet
per second is the speed component parallel to the direction
of the rotating buckets. With the velocity stages or wheels
for each pressure stage, and assuming a wheel speed of say
350 feet per second, the blade angles may best be found graph-
ically as indicated in Bigure 5. page 19. neglecting the
effect of friction in the blades, an approximate determination
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of "blade angles may "be made "by laying the velocities out to
scale and measuring the angles (See Figure 5). Thus to^ is
the abolute initial velocity at the angle a»j and when the
"blade velocity u is vectorially subtracted, the angle u>£ is
obtained as the relative velocity of the Jet with respect to
the "blades and ag is thus the "blade inlet angle. The steam
is then reversed in the first moving "blades to the direction
u>3 and leaves the "blades at the absolute velocity u>4 . The
angle a4 is then the inlet angle for the first set of station-
ary "blades anda* 5 is the absolute steam velocity entering the
second velocity stage. The other angles follow in the order
indicated in the sketch, reducing the axial component of the
steam velocity to as low a value as possible and leaving the
final velocity w
g
from the last set of moving "blades, prac-
tically parallel to the turbine axis
.
The steam then passes to the second stage through
another set of nozzles and acquires kinetic energy, as before,
by the heat drop accompanying a drop of pressure in the
nozzles. Another series of velocity stages similar to those
in the first stage bat of larger size is provided to extract
the kinetic energy of the steam and the process continued
until the last stage has been reached at condenser pressure.
During this adiabatic process, the quality of the
steam necessarily decreases and will probably reach satur-
ation values although the tendency of all rotational and
leakage losses is to increase the quality.
The final quality allowing no losses in the turbine
example used, would be 82 percent, while the 35 percent fric-
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tion losses increase t)ie quality to 96 percent and the en-
trophy from 1.66 to 1.92 showing the increase of unavailable
energy due to the rotational losses.
The design of turbine casing, wheels, shaft, dia-
phrams and other parts will he indicated in the calculations
and under the heading of "Mechanical Problems"
.
A photo-reduction of Harks and Davis - Total Heat -
Entropy chart is appended to aid the reader in following the
example given, as well as in the design calculations follow-
ing. (See Figure 6 )
.
IV. ELECTRICAL CALCULATIONS AITO
DESICT
The assumed conditions of operation for the acyclic
generator must conform, especially in the question of speed,
with the suitable conditions of turbine operation in order
that the unit as a whole may operate most efficiently. The
speed of a 5,000 K.W, turbine of the Curtis type should be
approximately 750 R
.
P. M. and the generator will, therefore,
be designed on this basis.
With a definite speed determined, it is only neces-
sary to laiow the total voltage and the voltage per bar in
order to proceed with the calculations. This unit is to
operate at 750 R. P. M.
, and to develop a total E. M. F. of
1200 volts. It is expected that the output will be approx-

Fig*. 6

iraately 5,00C E. IT., but this value will be determined later,
as indicated in the general method.
It will "be convenient in the calculations to use
the number of generated volts per conductor as a "basis from
which other quantities may he determined. Furthermore,
it will he found more satisfactory to calculate various
values of constants leading to the value of output, for dif-
ferent assumptions of volts per conductor and to plot them
in curve form, than to attempt all determinations "by calcul-
ation. The curves v/ill also indicate more clearly the
effect of altering various constants and v/ill indicate the
practical limitations imposed "by size, weight centrifugal
force, peripheral speed and so forth.
Calculations .
The values of volts generated per armature bar are
arranged on the first data sheet (Page 32 ) from a value of
30 to one of 90 volts per conductor.
Let e ~ voltage per conductor
and E = total voltage
.
IT = number of conductors in series (which in-
cludes all conductors in this machine).
E = ne (2)
E
n = plotted in the second column,
e
n i (3)
where n = revolutions per minute
60 x 10
1 = total flux as before.
Since
e =
we have flux ^ ~0
* =
e x 60 x 10
n (4)

talcing the first value of 30 volts per conductor
Q
§ « _?0_x_§g x_10 a 240,000,000 or 240 megalines
.
Having determined the flux, the area of the smallest section
will "be that sufficient to carry one-half of this flux at a
density of say 80,000 lines per square inch. This assump-
tion is "based upon using the type of generator shown on
page
,
Figure
The least shaft diameter which carries the flux
may "be determined and the value of peripheral speed obtained.
Thus in the first case it is found that with 240 megalines
total flux, 120 will "be. carried at each end of the shaft and
at 80,000 flux density this gives 1500 square inches area
and 43.7" in diameter. The peripheral speed will "be 8,610
feet per minute with 750 R. P. H. This is well within a
limiting value of 19,000 feet per minute.
Assuming an air gap density of 60,000, the necessary
area to carry the total flux is 4,000 square inches while at
80,000 it is 3,000 square inches.
The conductors will "be tret in holes drilled the
length of the solid rotating pole piece near the periphery
and the necessary added diameter to allow for these conductors
and also their collector ring connections, will he ahout four
to seven inches depending upon the current value in the con-
ductors. Having found the rotor diameter, its length will
he determined "by the air gap area as found ahove
. The per-
iphery of the rotor in this case is 50 x 3.1416 = 157 inches,
or taking a mean circumference in the 3/8 inch airgap, it will
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"be approximately/ 158 inches. The air gap area at a density
of 80,000 lines per square inch was found to "be 3.000 square
inches. The rotor length will thus he 3,000 divided by 158
or 19 inches. In the same manner, the lower density of
60,000 lines gives the rotor length as 25,5 inches and illus-
trates the effect of varying magnetic density upon the size
and weight of steel employed.
The air gap is assumed as 3/8 inch which may seem
large at first thought, although when the effect, with a
small gap, of a slight eccentricitjr in the hearings is con-
sidered, the reason is more apparent. T?ith a high air gap
density and small gap a slight variation of the rotor position
would cause an excessive variation of flux density resulting
in hysteresis losses and unequal voltage generation and at
the same time, causing a disastrous side pull on the hearings,
with a larger gap the possible percentage of variation in the
gap length is reduced with corresponding reduction of the
effects noted.
At 400 ampere conductors per inch of periphery, a
50 inch diameter would allow a total of G2,840 ampere -conduc-
tors. '.Tith 40 conductors on the rotor, this gives a current
value of = 1,570 amperes (5)
The output may then he directly determined as
w 1,570 x 1200 -j ooo / s
*. = - 5~0Q0 = 1,882 Kilowatts (6)
The har diameter is determined "by the value of cur-
rent density per square inch. Current practice for well
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ventilated rotating memhers is 2000 amperes per square inch,
"but due to the enclosed nature of this generator, a value of
1500 amperes per square inch ?/ill he assumed as a "basis of
calculation. This will enahle the machine to carry more
than the rated current without excessive heating, which is
often an advantage in this type of unit as the steam turbine
is capahle of carrying heavy overloads and thus the generator
should he designed accordingly.
As a check on the mechanical construction, the
clearance "between adjacent liars is calculated to make certain
that the steel area is sufficient "both to carry the flux and
to withstand centrifugal forces. In the first calculation
at 30 volts per conductor, the "bar diameter is 1.15 inches
and the clearance "between adjacent "bars is 2.6 inches. The
centrifugal stress neglecting the strengthening effect of
the metal outside of the conductor may he found as follows :-
Taking one inch as a unit length of rotor for the
stress calculation, we find from a sketch of the "bar and
rotor spacing (Figure 7) that the space "between the "bars is
Figure 7.
too large to he the controlling factor of centrifugal force.
The fracture due to centrifugal force of the hars would
prohahly follow a line "A" find should therefore he calculated
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on the "basis of shearing stress.
Assuming the length of the fracture nJLn as a rain
imum of 1.3 rT
,
there is a total shear-resisting area of 2.3
square inches per inch length of rotor per conductor.
Centrifugal force
v2F
c
= M --- where M = mass
C or r
t = speed of mass in feet
per second
r = radius to mass center
tf)
w = weight of conductor -
pounds per inch len-
gth
g = acceleration of grav-
it5
Substituting w = 3.08 11. v = 156 ft. per second,
The centrifugal force due to the conductor is thus ahout ICC
pounds per inch of length. To this is added the centrifugal
force of the wedge-shaped "block of steel. In this case the
weight w is approximately that of l-l/jg cubic inches of steel
or ahout .5 lb.
p = ---- = 99 = 16 pounds.
3.C8
The total centrifugal force is then approximately
115 pounds per inch and the shearing stress is practically
negligible, "being -jS- = 5C pounds per square inch.
The conductor might he placed nearer the periphery
hut this would weaken the collector rings near their point
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of wear and would thus "be inadvisable. The question of
armature reaction also enters, and is considered later.
Prom the curves it is apparent that to obtain 5,000
K. T.T . with 750 R. F. K. and 1200 volts pressure that it will
he necessary to use approximately 59 volts per conductor
which is rather s high value and indicates that either the
speed assumed was too low or else the voltage was too high.
For the sake of having an even number of conductors
on the rotor, the field coils will he calculated on the "basis
of 60.0 volts per conductor with 20 conductors in series,
giving approximately 1200 volts at no load.
Since all fields are practically constant, it will
he unnecessary to use laminated construction and the only
condition thus imposed upon the field and rotor parts is that
they he homogeneous, or, that if they are made of cast steel,
the castings must he free from "blow holes or other imperfec-
tions
.
Before determining the field excitation it will he
necessary to study the effect of the secondary or rotor mag-
netisation upon that of the primary or field. There are two
sources of reaction in the rotor, namely, the reaction of the
conductors and the magnetic effects of the collector rings
which obviously carry pulsating currents and thus set up pul-
sating magnetomotive forces.
Of these reactions the first is the most important,
although the second requires careful consideration in balanc-
ing or neutralising the ring reactions. The conductor, or
armature, reaction cannot he balanced since it is uni-direc-
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.
VARIATI0IT3 DUB TO cesmb of coi:3ta::t
VOLTS PUR CONDUCTOR
Total Least Least Air G
volts Uumher Flux Area Diameter Area
Cond. Conductors for -|- Round at
llegalines at oection 60,00
80,000
a 30 40 £40 1500 43.7 4000
2. 40 30 320 2000 50.5 5340
3 50 24 400 2500 56 .5 6670
60 20 480 3000 61.8 8000
5 70 17 560 3500 66 .8 9340
6 80 15 640 4000 71 .4 10670
7 90 13 720 4500 75.8 1200C
Apx'rox.
Rotor
Diameter
Inches
.
Length
Rotor
Inches
Amp. Cond.
at 400 per
inch
.
Output
amp. K.W.
I
Max.
J 25.5 62,840 1,570 1,582 1,570
£ 57 31 .8 71,800 2,395 2,870 2,395
3 33.7 79,100 3,300 3,960 3,300
* 69 37.5 86,600 4,330 5,200 4,260
s 74 40.1 93,000 5,460 6,560 5,400
fe 79 43.0 99,100 6,600 7,930 6 ,600
46 .0 104,200 8,020 9,640 S
,
020

- 33 - Data Sheet #2.
VARIATIONS DUE TO VEAMGE 0? C GITSTAUT
YOLTo PER COITDUCTOR
Jolts Bar Area Bar Circura. Clearance Mag. Den. Max.
Cond
.
at 1500 Mam. Bar Between Between Per
am./sq.in. In. Circle Bars Bars 3peet
d * ^r" Pt.Pe
Min
.
30 1,05 1.15 150 2.6 91,000 9,800
40 1.60 1.43 173 4.34 79,600 11,200
50 2.20 1.67 190 6.25 78,600 12,400
SO 2.84 1.9 208 8.2 78,300 13,600
7 3.60 2.14 219 10. 8 76,900 14,600
8° 4.40 2.36 238 12.6 77,000 15,500
9° 5.35 2.51 249 16.5 73, "CO 16,300
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ectional and must, therefore, have an effect upon the magneto-
motive force of the field.
Referring to Figure 8, it is apparent that the
conductor reactions are cross-magnetizing and thus tend to
distort the paths of flux wTiich are normally radial. Assum-
ing the stationary field pole as TTorth and the rotation as
cloclrwise, the armature conductors will carry current away
from the ohserver as indicated "by the arrows .• The magneto-
motive force around each conductor v/ill then he clookwise as
at c. The effect of this magnetic action will he to oppose
the field flux at P and to strengthen ' it at G. However,
the magnetomotive forces F and G tend to neutralize one
another and the effect upon the field or primary reluctance
is very slight. The reaction may thus he resolved into
two magneto-motive forces K and L, of which the latter may
he neglected, leaving for consideration the element of cross
magnetization, Z.
The effect of armature reaction, or cross magnet-
ization may "best he indicated "by a vector diagram, Figure 9,
in which HU and 3-^ are the primary magnetomotive force and
flux density respectively in the field pole and Eg and B2
are the magnetomotive force and flux density produced hy
the armature conductors. Then Mp and Bp are the resultant
magnetomotive force and flux density providing the reluctance
is constant in all directions. Then
B with constant reluctance
. (8
In the present design, one of the ohjects of choos
J j ; ;
.V
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ing a large air gap was to reduce the armature reactions,
since with, a large gap, the reluctance in the path of the
secondary magnetomotive force is very great, "being two
lengths of air gap for the flux surrounding any given con-
ductor and entering the stationary pole. The secondary
flux is then so small that its effect will be inappreciable
and may thus he neglected. The relation indicated in
equation 8 above, due to varying reluctance v/ill not be exact,
but the component of primary magnetization will be slightly
decreased and to restore it to its original value it will
only be necessary to add as many ampere turns as are needed
to balance the increase of densitjr and reluctance in that
part of the circuit affected by the armature magnetomotive
force M« . It is evident that this increase will be very
slight and will be counter balanced by the compounding effect
which may be obtained through proper arrangement of the
brushes as indicated later.
In arranging the rotor windings and collector ring
connections, it will be necessary to consider the following
conditions:
-
1. neutralization of ring reactions.
2. Minimum pressure between rings.
3. Magnetizing effect of end connections to
brushes
.
4. Grouping of brushes for accessibility.
Of these operating requirements, the first is most
important since with the large currents in the rings, the
it to i ns-i t1.,i tti 2 t-? t.» r
i
i
"to d jiert.a^a.OTia Teqoiq £i.^sjo^i£i * fed iaiuo e " rsn cfo±fflf
6« .'.oo "i^iTxifixv/ iojOt oriJ" $a£$a&x?a nT
d$ 'lehtuaQo ox v.nsaaeo&n ecf lllw "ti: . snoxitoormoo
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effect of unbalancing would "be destructive to the primary
magnetization and would cause endless trouble from heating:
and eddy current losses as well as "bad voltage regulation.
The condition to he met is that JsEL magnetomotive forces of
the rings =
.
The method of obtaining a zero resultant of the
ring magnetomotive forces may be readily developed when we
consider that each ring produces a pulsating magnetomotive
force as the conductor and ring revolve. Thus in Figure 10,
a balance is obtained between tv/o rings by mailing bar con-
nections on opposite sides if the brushes are placed in the
same relative position. The magnetomotive force in each
position is zero, since at A the current passes directly to
the brush and at B the current divides equally, making a
half turn in each direction. The conditions will be exactly
opposite as the rings revolve and thus a balance is maintained
in all positions.
The svme may be said of the system shown in Figure
11, which follows directly from Figure 10. How by rotating
Figure 10.

Figure 12.
the alternate "brushes and conductors one-quarter turn to the
right and left respectively, the condition of "balance is
still not changed since the time relations of the magneto-
motive force pulsations have not "been altered. Figure 12
indicates this condition which enables us to obtain/conven-
ient distribution of the brushes into four groups, and still
maintain balanced conditions.
By building up the end connections of balanced
groups as in Figure 12, the effect of ring reactions may be
entirely neutralized. A careful inspection will show that
if the end connections proceed counter-clockwise, the brush
connections must follow in the opposite, or clockwise direc-
tion, so that if the twenty conductors are connected to the
collector rings with Joints following a left hand helix, the
brushes, starting in the same position will be placed at
quarters and following a right hand helix. In this mannertne
/first and fourth conditions are satisfied.
On account of equal resistance and to facilitate
parallel operating, all conductors will be the same length
and the end connections at one end will be the reverse of
those at the other.
The spiral or helical direction of ring connections
also satisfies the second requirement of minimum pressure

Fig. 13
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"between rings and it remains only to indicate the method
of obtaining compounding "by the use of brush connections.
Referring to Figure 13, which shows an end view
of the "brush sets, it is evident that in passing from the
collector ring to the cable , the current traverses the brush
in a direction parallel to the field coil winding and there
is thus a magnetomotive force produced which may be arranged
either to aid or oppose the field coil . In thie machine
the brush connections will be arranged to increase the field
with increasing load and thus balance the effects of satur-
ation and armature reaction which tend to decrease the flux
and impair good regulation.
Figure 14 is an approximate drawing to a scale of
l/30, indicating the final arrangement of the acyclic gen-
erator. The mean lengths of flux paths may now be obtained
and the proper magnetomotive force provided. The drawing is
also arranged to indicate the vertical position of the shaft,
since in this mechanical arrangement the question of bearings
is greatly simplified and the entire weight of acyclic rotor
and turbine wheels is carried is carried on a suitable high
pressure oil step bearing located below the turbine condenser
base
.
Starting with the rotor diameter of say 70 inches
and effective length of 37.5 inches, the remainder of the
dimensions may be approximated as follows :-
Allowing 18 inches outside of rotor (A) for locat-
ing brushes, the inside diameter of the shell (3) is 106
p- h rx-TfTf r Fi OB
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Indies. One -fourth of this periphery will he open for
"brush installation, adjustment or ventilation, mating four
openings, (C) , each ahout twenty inches wide.
With a magnetic density of 90,000 lines per square
inch, the area for one-half of the faux is 2,667 square
inches. By computing the dimensions of a ring of 106 inches
inside diameter and of area equal to 4/3 of 2,G67 square
inches, the metal thickness is approximately 9.5 inches.
In approximating the length dimensions, 2-1/2
' inches is allowed for each collector ring, making 45 inches
at each end of the rotor for rings. fD) Beyond the rings
at each end is an air gap through which the flux enters the
shaft. (3) This gap carries one-half of the total flux and
thus at a density of 60,000 lines per square inch would
require a total area of 4000 square inches. The length of
the gap with a diameter of 62 inches would then he 20.5
inches
.
These end air gaps "being located nearer the hear-
ings will require less clearance than the main air gap and
will thus he calculated on the has is of l/4 inch, making a
total of 5/8 inch. air gap in the flux path. It will thus
he apparent that the major part of the field magnetomotive
force will he required for the air gaps.
!7ith one inch gap at 60,000 lines per square inch
the magnetomotive force necessary is 18,800 ampere turns, or
with 5/8 inch gap, the field coil at each end will furnish at
least 11,750 ampere turns. The field calculation is made
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as follows:
Part Density A. T . Length Total
Lines per per in. Tn. Ampere Turns
Sq. in.
Rotor 30,000 42 100 4,200
Air Gaps 60,000 18,800 5/8 11,750
Pole Pieces
60,000 19 50 950
Shell 90,0^0 62 40 2,480
19,380
Leakage = 10? 1,940
Ampere turns each end 21,320
Assuming an exciting current of 100 amperes the
numher of turns will "be 214, and the wire size at a current
density of 1500 amperes per square inch will he l/l5 or
.0666 square inches.
The field coils (F) will thus have 214 turns of
Tfumher 1 B and S wire, which with a diameter of approximat-
ely .3inch including insulation will give a total coil sec-
tional area of 19.3 square inches. The field ceil could
then he formed to a section 2 inches wide and 10-1/2 inches
deep
.
The total length of Ho. IB. and S. wire for hoth
coils would he approximately 10,480 feet with a total resis-
tance of 1.31 ohm. The exciting current of 100 amperes
would thus he supplied at 131 volts, or from a 150 volt
generator of 15 KM. rating. The power consumed in excita-
tion is thus .3 percent of the total rating, which compares

favorably with that of other turbine driven generators.
The efficiency of the generator may "best he approx
imated "by calculating or assuming the various values of
losses encountered. Principal among these is the loss at
the "brushes in friction. Using steel-handed rings with
"brushes made up of nickel steel and phosphor "bronze, inter-
leaved, the losses would he somewhat reduced from those ob-
tained with copper brushes. Ring wear would he still further
reduced by using a lubricating pilot brush of graphite on
each ring which would prevent cutting at high current density,
Prom machines previously constructed, it is found that the
friction loss from each brush at 14,000 feet per minute of
ring speed was approximately .5 K. 1.'. The voltage drop at
each contact at this speed and 4000 amperes would be approx-
imately 1.6 to 1.3 volts. Assuming the lower value, on
account of large ring space allowed, a voltage drop of about
64 volts is encountered.
The ring losses at full load may then be approx-
imated as follows :-
friction - 40 contacts at ,5 I. 'J. each = 20 K. W.
Voltage drop - 64 volts and 4300 amperes = 275 K. »r .
Resistance of conductors and cables,
300 feet of 3,620,000 cir. mils section.
p
Resistance - .0009 ohm and IB loss at 4300 amperes =
17 E. W.
Total excluding winage and hysteresis 312 IT. rJ .
The fall load efficiency on the basis of
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Efficiency = will be
Output + Losses
Efficiency = -_5QQQ__ = 94 j percent.
5312
An approximate efficiency curve is indicated on page -47
.
The voltage regulation, without considering the
compounding effect of end connections, will depend upon the
contact and resistance lowses:-
Contact loss 54 volts
Resistance drop .0009 ohm and 4300 amperes 4 volts
08
Assuming a total drop of 7C volts,
Regulation
-
----
- 5.8 percent - say 6 percent.
An approximate regulation curve is shown on page 47.
In conclusion, it might he said that since the
frictional losses remain practically constant at high speeds
and since the resistance loss is a small percentage of the
total, it would he fair to assume that the efficiency would
increase v/ith over-load "before the increasing losses would
reduce it, so that a maximum efficiency of 96 percent would
prohahly he realized.
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V MECHANICAL DESIGN OP STEAK
TURBINE
The steam turbine should be of slightly greater
rating than the generator and will thus he calculated on the
"basis of 6,000 K. HT. as the normal full load rating. The
operating conditions, conforming with modern practice in well
designed turhine plants will he assumed as follows:
Steam pressure - 190 pounds per square inch gage
pressure or 205 pounds absolute
.
Superheat - 200 degrees Fahrenheit.
Vacuum - 28.5 inches of mercury or .75 pounds absol-
uts pressure
.
The turbine will be of the Curtis type having four
pressure stages, with two velocity stages per pressure stage.
As indicated in the general method, the values of
heat, quality, and entropy may best be obtained from the chart
or table and in the present design will be as follows:
Initial heat = 1310 B. t. u. per pound.
Initial entropy S^ = 1.66 entropy units above 32°F
Final value of heat with adiabatic expansion
H
g
= 915 B . t. u.
Theoretically, available heat drop with adiabatic expansion
El - H£ = 395 B. t. u. per pound of steam.
A suitable value of efficiency in this case is say
66.5 percent, making a final value of available energy, .665
x 395 = 266 B. t. u. per pound. The water rate would be
3410
---- or 12.8 pounds per E. VJ. hour.
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The entropy with this friction loss will be increased
(Figure 16) due to the total friction loss of 395 - 266 -
129 B. t. u., from the initial value of 1.66 to a final value
of 1.86. This value is determined by adding the total loss -
129 B. t. u. - to the value of H2 = 915 B. t. u., which is
then = 1044 3. t. u. At this value of heat contents, and
with the same final pressure of .75 pounds per square inch,
the entropy is found to be approximately 1.86. Figure 16 is
copied from the steam heat entropy chart to indicate the change
in entropy and quality of steam in passing through the various
stages. Assuming equal efficiencies in all stages, the drop
per stage would be one- fourth of the total available heat or
66.5 B. t. u. per pound.
This heat drop, in a correctly designed nozzle will
give the steam a "useful" velocity of 1820 feet per second.
This velocity, being calculated from the available energy is
an equivalent value which includes all blade and frictional
losses and is thus lower than would actually exist
.
In designing the blades, it is most important that
the angles be accurately determined and thus in drawing the
various velocity triangles, (Figure 15), an allowance for loss
of velocity due to blade friction was made. Since the effect
of friction is to decrease the velocities obtained in the
guide wheel and blades, it was necessary to increase or correc
this value of initial velocity. The increase is necessary,
since the efficiency constant, upon which the velocity was
based, made allowances for all frictional losses, and in ob-
taining the blade angles it is advisable to make as close an
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approximation as possible to the actual conditions, since a
slight error of "blade angle would cause serious impact and
eddy losses in the steam flow, which in turn would result in
greatly increased losses and a correspondingly poor water rate
The average velocity loss in the guides and wheels
is usually Z2?o for 180 degrees of angle . With 20 degree in-
let and 36 degree outlet angles as maximum values, the frictior
on this "basis would "be
22 l§5_=_I?Q_+_36] s 15 percent approx
180
imately
.
The other losses, making up a total of 34 percent,
as assumed, might he distributed as follows:
Sxhaust velocities 8 percent.
Churning and "bearing friction 6 "
Blade friction 15 TT
Leakage, etc. 5 "
Total 34
The initial velocity corrected for "blade friction
will then he ---- x 1820 or 2140 feet per second, and each
.85
Wade velocity will thus he reduced "by the factor .85, calcul-
ated above in the form of 15 percent loss.
Standard practice is to use an angle of 20 degrees
for the nozzles and to make the inlet and outlet angles approx
imately equal for the other "blades. Figure 15.
It is evident from the velocity diagram that a major
part of the steam energy is extracted by the first wheel, since
the change of velocity is a maximum at this point. The exit
velocity cuQ is made as small as possible and is allowed to

- 51 -
Fig,. 15
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have a slight forward component of velocity which indirectly
reduces rotational losses and aids the steam in entering the
next set of nozzles.
In the Curtis turbine, the steam expansion is prac-
tically confined to the nozzles and thus, since a constant
efficiency was assumed throughout the turbine, the nozzle vel-
ocities of the various pressure stages will he equal and the
only difference between the guide wheels and blades will be
a change in the area of the steam channel to correspond with
the decreasing pressure and increasing volume.
The specific volume of the steam in any given press-
ure stage is practically constant so that the channel area
must increase in the same ratio that the velocity decreases.
This fact explains the increase of channel area in a pressure
stage and provides a means of calculating the channel area
at any point after the nozzle has been designed and the steam
area of the first row of blades determined.
The pressures are found by dividing the theoretical
drop into four equal parts and finding the corresponding press
ures from the chart. In this case they are: 205 pounds init-
ial, 75 pounds first stage, 22 pounds second stage, 4.6 pounds
third stage, and .75 pounds fper square inch absolute) fourth
stage
.
By connecting the points of initial and final condi-
tion of the steam on the chart (Figure 16), it is possible
to determine the values of quality and entropy for the inter-
mediate pressure sitages and thus, with the pressures determine
the specific volumes of the steam may be found and the nozzles

Fis. 16
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designed for the various stages. By this method, a constant
increase of entropy is assumed which, although not strictly
accurate, is sufficient for an approximation.
A summary of the steam conditions in the various
stages might he made as follows:
Initial - Pressure - 205 pounds per square inch ahsolute
.
Quality - 200 degrees ahsolute (superheat)
Specific volume - 2.97 cubic feet pei pound.
First Stage - Pressure - 75 pounds ahsolute
.
Quality - 140 degrees superheat.
Specific volume - 7.09 cubic feet per pound.
Second Stage - Pressure - 22 pounds ahsolute.
Quality 62 degrees superheat.
Specific volume - 20.2 cubic feet per pound.
Third Stage - Pressure - 4.6 pounds ahsolute.
Quality - 98.5 percent.
Specific volume - 79 cubic feet per pound.
Fourth Stage - Pressure - .75 pounds ahsolute.
Quality - 94 percent.
Specific volume 410 cubic feet per pound.
Having determined the steam conditions throughout
the stages, the next consideration is the design of nozzles,
which depends upon the total flow of steam, its specific volume
and the drop of pressure from stage to stage
The total steam flow may he found from the calculated
steam consumption and the full load output. In this design,
the flow will he 6000 x 12.8 = 76,900 pounds per hour, or 21.4
pounds per second.
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Assuming a total of twenty high- pressure nozzles,
each at full load will receive 1.07 pounds of steam per second
at a pressure of 205 pounds per square inch and a specific
volume of 2.97 cubic feet per pound. In general, the nozzle
area at any point will depend upon the fact that the volume
passing any section is equal to the product of the velocity
and the sectional area at that point.
Let G = number of pounds of steam flowing through
each nozzle per second,
v = volume of steam - cubic feet per pound
oi = velocity in feet per second
F = section al area - square feet
F-^ = sectional area - square inches.
In the present case the quantities G, v and c, are
known for any nozzle
.
Then
Pw = Gv
and F = -i?*- when F is in square feet,
144 G v
or F-^ = — when F^ is in square inches.
In this stage, G = 1.07 pounds per second. The
volume changes with pressure, and since the pressure in the
throat of the nozzle is .58 of the initial value for 119 pounds
the conditions of volume and velocity may be found from the
tables or heat chart, following the assumed path of entropy
change as in Figure 16. Thus at 119 pounds per square inch,
the superheat is 165 degrees, while the heat drop factual) is
58 B. t. u. f since the loss is negligible at entrance), giving
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a value of u> = 223.7 -y/ 58
= 1700 feet per second in nozzle throat.
Also, at 119 pounds and 165 degrees superheat, the
specific volume is v = 4.74 cubic feet per pound.
The first stage nozzle throat area may now he deter-
mined as 144 x 1>Q7 x 4 m 74
y = -- square inches1 1700
* .43 square inches.
Assuming a round section, the diameter will he .74
inch
.
The nozzle outlet area is determined in a similar
manner, the value of G remaining constant. In this case, the
steam conditions are those of the first stage, or
v = 7.09 cubic feet per second
.
s
u> = 1820 feet per second (available)
The outlet area is then
144 x 1.07 x 7.09 rr, . ,F- = = .60 square inches
1 1820
08
and if round, would he .875 inches in diameter. V,'ith 10 degre
nozzle divergence, the nozzle length will he
.875 - .74 ,
, ,1 = = ahout 3/4 inch
2 tan 5°
The actual length would he longer, since the nozzle has a di-
agonal outlet at an angle of 20 degrees, hut the dimension
calculated would he the shortest length on the wheel side,
while that of the opposite side would he 3-1/4 inches, approx-
imately
.
The first set of nozzles would thus occupy only a
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small part of the wheel periphery, for if placed three inches
on centers they would occupy a total of five feet or about one-
sixth of the total periphery. However, the specific volume
of the steam increases rapidly and in the last nozzles would
require full peripheral admission with a very wide channel to
accommodate the large steam volume.
In the first stage, as calculated, the area of the
steam channel of the first wheel will "be determined by total
steam jet area in the five feet covered "by the nozzles . Thus
in a peripheral length of five feet, the first wheel must have
an open channel area of at least 20 z .6 or 12 square inches.
The "blade lengths may he then approximated as follows:
Assuming that .7 of the periphery is effective steam
channel, then the blade length will "be
12
1 - m approximately .3 inch.1
.7 x 60
The second v/heel of the first stage will have a lon-
ger "blade to provide the increased area due to decreased steam
velocity, the specific volume remaining practically constant.
Thus with a decrease of velocity from 2000 to 500 feet per
second, the area must he increased to four times its original
value. The steam, however, is now probably distributed over
more of the periphery so that the increase of blade length
will not be four times, but will rather follow a gradually
diverging path similar to a nozzle section, the object being
to keep the steam as much aspossible in the blade channels and
prevent the excessive windage losses caused by side leakage
of steam.
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The nozzles of the remaining stages are calculated
in the same manner and the steam admission, as indicated, will
occupy a larger part of the moving "buckets. The minor de-
tails of blade thickness, width and material, although "beyond
the scope of this general design, are important and practic-
ally determine whether the turbine will show the assumed ef-
ficiency when tested. The object in arranging the blades is
to obtain the greatest effect with the least friction. This
is evidently necessary, since too small a blade causes eddy
losses while too large a blade causes friction losses. The
mean value is a matter of experience.
An approximate check may be made in this design by
calculating the work of the first atage and comparing it with
the available energy assumed.
The work extracted from the steam jet by the buckets
may be calculated if the change of velocity in the direction
of motion is known. Thus, with a steam flow of 1 pound per
second and a total change of velocity, as indicated, of c feet
per second, the force exerted, being equal to product of mass
and acceleration, would be
p = _ where g = acceleration
g of gravity.
The mass in this case is -\- and the change of velocity per
second is c = c^ - Cg or the difference between initial and
final velocities if they are in the same direction or their
sum if in opposite directions.
Thus in the present design, the axial components of
the various velocities corresponding to au
,
w etc. given are
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c 2
= 1560 0g= 335
0a = 880 c = - 1254 8
„ _1 1560 + 880 + 335 - 125 , . .
Thus F = per pound of steam
32.2
T7ork = F
1
u = £§?-?-2
e
. _ . Work 450 £ c
and B. t. u. = =
778 778 g.
Then the available energy per pound of steam is
50_?_2550_
778 x 32.2
B . t. u. = -*§9-?- *$0„ x 45.8
45 8
The calculated was 66.5 3. t. u. or = 69 per-
66 .
5
cent of the theoretical. A slight mechanical loss would de-
crease this to 66 percent, indicating that if the velocity
diagram indicates ideal oonditions, the efficiency as calcul-
ated ahove hears out the assumption of mechanical efficiency.
The calculations of the shaft and wheels will he
taken up as "Practical Prohlems" in the following pages.
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VI ARRANGEMENT AND OTEER PRACTICAL
PROBLEMS
The advantages of the vertical shaft in this type of
unit have "been outlined only in their relation to the mechan-
ical design. Another most important advantage, especially
from the standpoint of the owner and operator, is the unusually
small floor space occupied "by this type of unit as compared
with a reciprocating engine or even a horizontal turbine
.
Thus, the values of floor space in square feet per kilowatt
output for modern power plants varies from approximately one
square foot with vertical turbines, to three square feet or
more with horizontal reciprocating engines, indicating the
great advantage of this detail of arrangement from the stand-
point of the cost of land. Another factor in the space-ef-
ficiency of this unit is the use of the turbine base as a
condenser, which thus materially reduces the floor space cov-
ered "by the so-called auxiliaries
.
Among the many problems encountered in steam turbine
design, the one which above all others must be carefully con-
sidered, is that of ample strength in the rotor at the excess-
ive peripheral speeds customary. The working stresses thus
produced are far in excess of the maximum allowable stresses
encountered in ordinary engineering practice, and thus neces-
sitate the use of special engineering materials such as alloy
steels having unusual tensile strength combined with toughness
and sufficient ductility.
An interesting fact in connection with rotating
1
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elements, and especially in the case of a hollow dram, is that
the tangential stress in the rim section depends only upon the
value of peripheral speed. "Referring to Figure 17, page 62,
which shows a semi-circular section of a drum rim with centri-
fugal and tangential forces acting upon it; the section for
convenience is assumed to "be of unit length axially, and to
"be in a condition of equilibrium under the influence of the
various forces acting upon it. The tangential forces T t T
"balance the resultant of all centrifugal forces OF acting on
the half ring section.
Then £T=
J"
d F sin e d e.
o
Then
dF, the element of centrifugal force may he express
, . . „ . _ , , „ . ,
density .
ed in terms of the angle e and Y. = specific mass for --}
S
as follows:
gdF = (Krde~t)ru> where w is the
angular velocity in radians per second.
Substituting, f
71
2 T = K T*ur t I sin e d e
o
p
or T = K t v where v = peripheral velocitj' in feet
per second
The stress 5 =
-J- with unit length of section area,
and 3 = K v2 .
If v is in feet per second, K is ~zJB**-™^*tz . Then for
S
steel, the stress in pounds per square inch
32.2 x 144
A grax^h of this equation is shown on page 6*4
,
which also in-
dicates that a peripheral speed of 400 feet per second is
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W
Fig. 18
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approximately the maximum allowable speed with ordinary good
steel
.
Hext in importance to the question of obtaining suf-
ficient strength in the rotor is the problem of avoiding what
is known as the ''critical frequency" of the shaft. This freq-
uency occurs at such a speed that the centrifugal force bal-
ances the resistance of the shaft to bending, and thus a free
vibration takes place. As it is practically impossible to
build turbine rotors so accurately that the mass center of the
wheels coincides with the geometric center of the shaft and
there is thus an eccentricity e - Figure 18,- between mass
center and shaft axis. The conditions of the present design
are approximated by assuming an eccentricity e, a deflection x
due to the centrifugal force of the disc, and a force W corres-
ponding to the weight of the acyclic rotor above the turbine
shaft
Then, for a condition of equilibrium, the total re-
sisting force may be assumed proportional to the deflection x.
Thus if o£ is a constant depending upon shaft conditions, bear-
ings and other constants, the resisting force
P = oC x„
The force causing deflection is then equal and oppos-
ite to P and is made up of two components, - the centrifugal
force P^ of the disc with mass center at radius fx + e) and
an equivalent force Pg, acting in a direction co-linear with
P^, to balance the effect of the end load W.
Thus P2 = -?.F-iI-+-.?J where 2 I is the total
£ shaft langth.
p
3ut P} = m fx + e) w
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The total resisting force is then from the conditions of
equilibrium,
p p = oCx = m (x + e) u>2 + §-I-f*-i-S]12 X*
from which _ 2 « m
L - fm I u>2 + 2F)
The deflection thus increases with the angular velocity and
"becomes infinite when L = m L u> + 2 Tf
J<*L - 2Wor 01 = =y~-
Putting 2 * C
in L
- -
I
- c
K T m
which is the expression for the critical velocity. It may
he reduced to a more useful basis as follows:
let G = mg = weight of the wheel or disc in pounds.
Also the revolutions per minute-
n = 60 x — S?- = -*Lt?
2tt *
Then n = 54.2 as the critical velocity
in revolutions per minute. It remains only to determine the
values of oC which are derived directly from the^ beams.
Thus, in the case of a shaft having a length 2L with a cente
lateral load of P pounds, the deflection is given by the rela-
tion
PL3
x = — --
6 EI
where
S = modulus of elasticity
= 30,000,000 nearly for steel.
,4
I = moment of inertia of shaft section - ----
64

if d = shaft diameter; or for a shaft fixed at the ends
PL3
x = 7-
24 E I
Then assuming the latter case,
= = §4 51 for this condition,
x i*
5
The quantity C may "be approximated in the equation,
C = 2 by aesumins from the general
Xj
design that VI = 120,000 pounds
1 = 7 feet = 84 inches
.
C = ---- = 2,860.
X
Evaluating and substituting in the equation
- C
n = 54.2 —-— = critical B. p. m.
G
24 x 30,000,000 x ud4 cc H a
= = 55.5 d
64 x 638,000
The wheel weights of 8 wheels 10.4 feet in diameter and 2.6
inch mean thickness.
G = 73,000 pounds.
Then 55.5 d
4
. 2 ,860
n = 54.2
73,000
or n
2
= 2.22 d4 - 116
A graphical solution of this equation is shown on
page 6 8. It is evident that the constant term has little
effect with large shaft sizes and thus in this condition
- fl«= 1.49 for large diameter,
d^
The assumption of a concentrated wheel of equivalent weight
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placed in the center of the shaft gives values of shaft diam-
eter which are evidently larger than necessary, since in the
actual turbine the wheels are distributed. With a distrib-
uted load, the deflection is reduced to one-half of its former
value and the other curve shows the effect upon the critical
frequency of decreasing the center load.
The critical frequency chosen should he in excess
of a value which would he attained if the turbine should "run
away". On account of wheel friction, which varies as the
these
,
third power of the speed, it is probable that under /no load
or "run away" , conditions the maximum speed would not exceed
twice normal speed. This value, in fact, could scarcely be
reached, since the normal blade friction is about 15 percent.
The maximum speed would then be
ffB =^ -j5 = 1.38 times normal full speed.
With a value of 1500 R. p. m. as the critical speed, the shaft
diameter would be approximately 25 inches, according to the
assumptions made. However, the shaft could not be definitely
decided until the entire blade system had been designed. The
actual loading would then be Imown and a more accurage deter-
mination could be made. Thus with a shaft five feet long
the diameter for this critical velocity would be only 20 in-
ches, showing the effect of shortening the shaft, and the
necessity of more accurate assumptions.
There are many other practical problems encountered
in the design and manufacture of a unit of the present type,
but the scope of this thesis will not permit of their intro-
duction here. The general problem of speed control, or


tr
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governing of steam turbines would in itself "be a largo under-
taking, while a corresponding problem on the electrical side
would be a complete design of the brushes and attachments.
In short, the present thesis had for its object a
study of the inter-relations between the more important fea-
tures of the mechanical and electrical methods of design,
and as such, it could not in the present scope, include many
of the less important features of either design virhich are
essentially a part of the finished unit.



